Background: Smaller, denser LDL particles are associated with an increased risk for cardiovascular diseases (CVD). In youths, data on the distribution of LDL particle size and on its association with other CVD risk factors are limited. Methods: We determined LDL peak particle size by nondenaturing 2%-16% gradient gel electrophoresis in a representative sample of 2249 youths 9, 13, and 16 years of age who participated in a school-based survey conducted in 1999 in the province of Quebec, Canada. Standardized clinical measurements and fasting plasma lipid, glucose, and insulin concentrations were available. Results: The LDL peak particle size distribution was gaussian. The 5th, 50th (median), and 95th percentiles by age and sex were 255.5-258.6, 262.1-263.2, and 268.1-269.5 Å, respectively. The prevalence of the small, dense LDL phenotype (LDL peak particle size <255 Å) was 10% in participants with insulin resistance syndrome (IRS), in contrast to 1% in those without IRS. In a multiple regression analysis, the association of LDL size with other CVD risk factors [apolipoprotein B, HDLcholesterol (HDL-C), triglyceride (TG), and insulin concentrations, and body mass index] was strongest with TG and HDL-C concentrations: a 1 SD increase in log e -transformed TG concentration was associated with
result, several lipid indexes have been proposed as alternatives to estimate LDL size. Surrogate markers of LDL size include the ratio of LDL-cholesterol (LDL-C) concentration to apolipoprotein B (apoB) concentration (16, 17 ) , the ratio of total cholesterol (TC) to HDL-cholesterol (HDL-C) (18 ) , the ratio of apoB to HDL-C (19 ) , the ratio of triglyceride (TG) concentrations to HDL-C concentrations or log(TG/HDL-C) (19 -22 ) , and the TG concentration itself. Their use as proxy measures of LDL size remains controversial.
Data from case-control and prospective studies have suggested that small, dense LDL is associated with an increased risk of cardiovascular disease (CVD) (23, 24 ) . However, the relationship between small, dense LDL and CVD may not be independent of other risk factors, such as plasma TG and HDL-C concentrations. In fact, small, dense LDL is a hallmark of the dyslipidemia characteristic of the insulin resistance syndrome (IRS), which includes increased TG and decreased HDL-C concentrations (8, (25) (26) (27) . The increased atherogenicity of small, dense LDL might be related to its greater propensity for uptake by arterial tissue (28 ) , its decreased LDL-receptor-mediated uptake in favor of an increased binding to scavenger receptor (29, 30 ) and increased proteoglycan binding (31 ) , and its greater susceptibility to oxidative stress (32, 33 ) .
Most of the studies examining LDL size and its relationships with other CVD risk factors have been conducted in adults. Limited information on LDL size and its metabolic correlates is available for children and adolescents (18, 34 -42 ) . To gain more information on this subject would be important because it is recognized that the process of atherosclerosis begins in childhood (43, 44 ) and that IRS is frequent in youths (45 ) . The objectives of this study thus were (a) to describe the distribution of LDL particle sizes in a population-based sample of children and adolescents; (b) to examine the relationship between LDL particle size as estimated by PAGGE and other surrogate markers; (c) to determine the prevalence of the small, dense LDL phenotype in youths with IRS compared with those without IRS; and (d) to study the association between LDL particle size and other CVD risk factors.
Materials and Methods study population
The study population included participants in the Quebec Child and Adolescent Health and Social Survey (QCAHS), a school-based survey conducted between January and May 1999 in the province of Quebec, Canada. The survey design and methods have been reported previously (46 ) and are only summarized here. The QCAHS used a cluster sampling design to draw 3 independent provincially representative samples of youths 9, 13, and 16 years of age (1 sample per age). The sampling frame represented 97% of all youths targeted. Response percentages were 83.4% (1267 of 1520 eligible children), 79.2% (1186 of 1498), and 77.6% (1160 of 1495) for questionnaire and anthropometric measures and 51.5% (783 of 1520), 54.6% (818 of 1498), and 58.5% (874 of 1495) for blood sampling among 9-, 13-, and 16-year-olds, respectively. French Canadians comprised 79.6% of the sample. Of 2475 blood specimens available, 226 were excluded because 107 parents refused consent for analyses other than glucose and lipids, and 119 samples were thawed on arrival at the laboratory or were of insufficient amount. Age-specific comparisons of youths who provided blood samples (n ϭ 2249) with those for whom samples were not available (n ϭ 1364) revealed no statistically significant differences in sex, cigarette smoking, mean body mass index (BMI), parental income, and parental education. The study was approved by the Ethics Review Board of Ste-Justine Hospital. Written informed assent and consent were obtained from the participants and their legal guardians.
clinical variables
Height, weight, and blood pressure (BP) were measured according to standardized protocols (46 ) . BMI was calculated as weight in kilograms divided by height in meters squared. Age-and sex-specific percentile cut point values for insulin, TG, and HDL-C concentrations were estimated from sample-specific distributions of the variables of interest. Children were categorized as overweight if they had a BMI at or above the age-and sex-specific 85th percentile value according to the US CDC growth charts (47 ) . High/borderline systolic BP was defined as a value at or above the age-, sex-, and height-specific 90th percentile according to the National High Blood Pressure Education Program (48 ) . Although IRS is a well-recognized clinical entity, there is no internationally accepted definition of childhood IRS. For the purpose of our analyses, an individual was classified as having IRS if she or he had a fasting plasma insulin at or above the 75th percentile (Table 1) and at least 2 of 5 other characteristics: overweight, high/borderline systolic BP, TG concentration at or above the 75th percentile, HDL-C concentration at or below the 25th percentile, and glucose Ն6.1 mmol/L (45 ). Current smokers 13 and 16 years of age were defined as those who responded positively to the following question: During the past 30 days, did you smoke cigarettes, even just a few puffs? This question was not asked of 9-year- 
biochemical analyses
Overnight fasting blood samples were collected in collection tubes containing 1 g/L EDTA and were kept on ice until centrifugation. Plasma was separated on site within 45 min of collection, frozen on dry ice, and sent within 24 h to the laboratory, where specimens were stored at Ϫ80°C until analysis. Fasting plasma insulin, glucose, TC, TG, HDL-C, and free fatty acid (FFA) concentrations were measured as described previously (45, 46, 49 ) . LDL-C was calculated by the Friedewald formula (50 ). ApoA1 and -B were determined by nephelometry (Beckman Array Protein System). LDL peak particle size was measured by nondenaturing PAGGE. Electrophoresis of 5 L of plasma was carried out at 4°C in 2%-16% polyacrylamide gradient gels at 125 V for 24 h in a buffer containing 0.09 mol/L Tris, 0.08 mol/L boric acid, and 0.003 mol/L disodium EDTA (pH 8.3). The application of the samples was preceded by a prerun at 125 V for 15 min. Samples were loaded in loading buffer containing 200 g/L sucrose and 1 g/L bromphenol blue, and the voltage was set at 70 V for 20 min before the main migration at 125 V for 24 h. Gels were stained for proteins in a solution containing 500 mL/L ethanol, 100 mL/L acetic acid, and 1 g/L Coomassie Blue R-250 and destained in multiple changes of a solution containing 200 mL/L ethanol and 100 mL/L acetic acid. Gels were scanned by a densitometry image analyzer (Fluorchem; Alpha Innotech) and analyzed by the ImageMaster 1D Prime (Ver. 2.01) software (Pharmacia Biotech). We estimated the diameter of the major peak in each sample (LDL peak particle size) based on the migration of pooled plasma calibrators of known diameter (7 ). Sample application and migration differences were monitored with 2 protein internal standards, ferritin (122 Å) and thyroglobulin (170 Å; Amersham Pharmacia Biotech). Intergel CVs assessed with 2 plasma samples were 0.44% at 264.0 Å and 0.42% at 258.5 Å (n ϭ 112 and 113, respectively). Duplicate measurements of a systematic random sample of 1 in 20 specimens analyzed on different days showed a median CV across specimens of 0.21% (5th-95th percentiles, 0.03%-0.62%; n ϭ 112).
statistical analyses
We used the values of the sample percentiles to estimate the values of the population percentiles of interest. Nonparametric confidence intervals (CIs) for the cut points of interest were constructed using the algorithm described by Hutson (51 ) . When comparing percentile values between sexes or across ages, we concluded that they were significantly different if their respective 95% CIs did not overlap. We used 2 statistics to compare the prevalence of the small, dense LDL phenotype (Յ255 Å) by age, sex, BMI category, and IRS status. Pearson correlation coefficients were computed to assess the associations between LDL size and its surrogate markers and between LDL size and other metabolic variables.
We next used mixed multiple linear regression to study the independent associations between LDL size and other metabolic variables. Independent variables were treated as fixed effects, and clustering among children in the same school was treated as a random effect. Because we pooled all participants, age-and sex-specific Z-scores for apoB, HDL-C, TG, and insulin concentrations and BMI were used in regression analyses. Z-scores were estimated from the study distributions. To take the complex sampling design into account, we estimated sampling weights and clustering effects and incorporated them into all of our computations except for correlations and regressions. The distributions of TG, insulin, and FFA concentrations and BMI were not gaussian; these variables were therefore log e -transformed for statistical analyses. Statistical analyses were performed with SAS statistical software (SAS Institute, Inc) and SUDAAN (Research Triangle Institute).
Results
The characteristics of the participants are listed in Table 2 . In this pediatric population, the distribution of LDL peak particle size was gaussian ( Fig. 1 ) and remarkably tight with a CV of 1.3% across all age and sex groups. Mean LDL size was significantly higher in girls than boys (263.0 vs 262.6 Å; P ϭ 0.018) and lower for the 16-year-olds compared with the 9-and 13-year-olds (262.4 vs 263.0 Å and 263.0 Å, respectively; P ϭ 0.047 and 0.041, respectively).
The means and values of selected percentiles for LDL peak particle size are presented by age and sex in Table 3 . For each percentile examined, no difference was detected between 9-year-old boys and girls. Thirteen-year-old girls had higher values than same-age boys for the 25th and 50th percentiles, whereas in 16-year-olds, girls had a higher value than boys for the 5th percentile only. Comparisons across ages revealed lower 25th, 50th, and 75th percentile values for 16-year-olds compared with 9-yearolds in boys only.
Of the children studied, 2% had a small, dense LDL phenotype (LDL peak particle size Յ255 Å). There were no differences by age or sex (Table 4) . Seven percent of individuals with a BMI equal to or greater than the 85th percentile and 10% of individuals with IRS had a small, dense LDL phenotype, which was significantly different from individuals with a BMI below the 85th percentile or without IRS, respectively.
Because it would be useful to have an estimate of LDL size based on commonly measured lipid concentrations, we investigated the association between surrogate mark-ers of LDL size suggested in the literature (16 -22 ) and both the LDL size estimated by PAGGE and the small, dense LDL phenotype. We observed moderate correlations between LDL size and the TG/HDL-C molar ratio, the logarithm of this ratio, and the logarithm of TG concentrations: correlation coefficients by age and sex ranged from Ϫ0.50 to Ϫ0.57, from Ϫ0.47 to Ϫ0.56, and from Ϫ0.39 to Ϫ0.50, respectively ( Table 5 ). The associations between LDL size and other proxy measures (LDL-C/apoB, TC/HDL-C, and apoB/HDL-C ratios) were weaker. Various cut points for the TG/HDL-C molar ratio suggested to identify adults with the small, dense LDL phenotype (19, 21, 22 ) include 0.9, 1.33, and 1.7. In our pediatric population, the sensitivities and specificities of these cut points were 85.9% and 78.2%, 76.1% and 93.5%, and 67.3% and 97.6%, respectively.
We next examined the association between LDL size and other CVD risk factors (Table 6 ). The strongest correlations were between LDL size and both TG (negative) and HDL-C (positive) concentrations: correlation coefficients by age and sex ranged from Ϫ0.39 to Ϫ0.50 and from 0.29 to 0.47, respectively. Significant but weaker negative associations were observed between LDL size and apoB concentration (correlation coefficients, Ϫ0.14 to Ϫ0.33 by age and sex). We observed weak negative associations between LDL size and TC and LDL-C concentrations only in 16-year-olds. BMI and insulin concentrations correlated negatively and weakly with LDL size Fig. 1 . Frequency distribution of LDL peak particle size in a representative sample of Quebec children and adolescents 9, 13, and 16 years of age.
The arrow indicates the cut point (Յ255 Å) used in adults to define the small, dense LDL phenotype. except in 13-and 16-year-old girls, for whom we found no significant associations. Finally, we found no significant correlations between LDL size and glucose or FFA concentrations. Because many CVD risk factors correlated with LDL peak particle size are also intercorrelated, we performed multiple regression analyses to examine their independent contributions to variation in LDL size. We included in multiple regression analyses variables that had a significant association with LDL size in univariate analyses (Table 6 ). ApoB was highly correlated with TC and LDL-C, and apoA1 was highly correlated with HDL-C (all correlation coefficients Ն0.8); therefore, only apoB and HDL-C were tested as potential independent variables in multiple regression analyses. We did not detect significant associations between LDL size and alcohol intake or cigarette smoking status (P ϭ 0.715 and 0.370, respectively); thus, they were not included in multiple regression analyses. Because there was no significant heterogeneity in the effects of the independent variables (apoB, HDL-C, TG, insulin, BMI) by age and sex (all interaction P values Ͼ0.1 with the exception of the interaction BMI ϫ sex, for which the P value was 0.023), age and sex groups were pooled in multiple regression analyses. After adjustment for age, sex, apoB, HDL-C, insulin, and BMI, LDL size remained strongly negatively associated with TG concentration: a 1 SD increase in log e TG was associated with a 1.2 Å decrease in LDL size (Table 7) . Similarly, after adjustment for all other variables in the model, HDL-C remained strongly positively associated with LDL size: a 1 SD increase in HDL-C concentration was associated with a 1.1 Å increase in LDL size. In contrast, after adjustment, the association between BMI and LDL size was no longer significant. It is interesting to note that in the multivariable analysis, the association between insulin concentration and LDL size stayed significant but was positive. Finally, similar to univariate association analyses, girls had a mean LDL size slightly larger than boys in multivariable analysis, and 16-year-olds had smaller mean LDL size than 13-and 9-year-olds.
Discussion
To date, limited information is available on the distribution of LDL size in population-based samples of children (34, 36, 38, 39 ) and adolescents (39 ) . Moreover, methods used to assess LDL size vary across studies, which limits comparisons among populations. Arisaka et al. (34 ) , Shimabukuro et al. (38 ) , and the present study (QCAHS) used PAGGE to determine particle size, whereas the investigators of the Bogalusa Heart Study (BHS) (39 ) and Shea et al. (36 ) used nuclear magnetic resonance spectroscopy. Agreement between methods is far from perfect and therefore the methods are not interchangeable (52 ) . In spite of these methodologic differences, significantly higher mean LDL size was found in females compared with males in the BHS (39 ), the QCAHS, and in Japanese children (38 ) . However, these differences by sex are small, and their clinical significance remains to be determined. LDL size showed no consistent trend with age among 10-to 17-year-old black and white youths in the BHS (39 ), whereas 16-year-olds had significantly decreased LDL size compared with 13-and 9-year-olds in the QCAHS. Only 7-to 13-year-old children were evaluated in the Japanese studies (34, 38 ) , and the effect of age on LDL size was not discussed. Whereas studies concur on differences by sex in LDL size in youth, differences by sex that are also observed in adults (53, 54 ) , further investigations are needed to confirm differences by age in children and adolescents. The prevalence of the small, dense LDL phenotype (pattern B, Յ255 Å) was only 2% in our sample and was similar between sexes and across ages. Arisaka et al. (34 ) reported a prevalence of 9.3%, which was similar by sex, in prepubertal Japanese children, whereas Shimabukuro et al. (38 ) reported a prevalence of 10.8% in prepubertal Japanese boys and 4.4% in prepubertal Japanese girls. In the BHS (39 ), the prevalence of the nuclear magnetic resonance spectroscopy-determined small, dense LDL phenotype (mean LDL size Յ205 nm) ranged from 5% in black boys and girls to 13% in white boys. In contrast, the prevalence of the small, dense LDL phenotype as assessed by PAGGE in the Framingham Offspring Study was 33% in adult men but was markedly lower in premenopausal (5%) and in postmenopausal (13%) women (54 ) . Because the conformational alterations characteristic of small, dense LDL are likely associated with increased atherogenicity (1, 23 ) , the low prevalence of this trait in youths is reassuring. However, a sizeable proportion of youths who are overweight (6.8%) or who have IRS (10%) might have already experienced the burden of small, dense LDL.
Our data are concordant with studies conducted in adults (19 -22 ) showing that the TG/HDL-C molar ratio (or the log-transformed ratio) is the simplest, best lipid index to predict LDL particle size, better than either log e -transformed TG or HDL-C concentrations alone. In Table 5 . Pearson correlations between gradient gel electrophoresis measurements of LDL peak particle size (Å) and surrogate estimates by age and sex. Clinical Chemistry 51, No. 7, 2005 adults, correlations between LDL particle size and TG/ HDL-C molar ratio (or the log-transformed ratio) ranged from Ϫ0.64 to Ϫ0.78 (19 -22 ) , which is stronger than correlations observed in the present study. As expected, this surrogate marker has limitations in its ability to predict the small, dense LDL phenotype. In the QCAHS, even when we used the most sensitive cut point suggested in adults (0.9), the false-negative rate was 14% and the false-positive rate was 22%. Similar to results reported in studies of adults (7, 8, 25, (55) (56) (57) (58) (59) , the fasting plasma TG concentration was the strongest independent correlate (negative) of LDL peak particle size in the present pediatric study. This is consistent with the prevailing model for the generation of small LDL particles, which proposes that increased hepatic production of TG-rich lipoproteins (i.e., VLDL) associated with insulin resistance leads to TG-enriched LDL particles through cholesteryl ester transfer proteinmediated exchange of cholesteryl esters from LDL to VLDL particles and of TG from VLDL to LDL particles. TG-enriched LDL then becomes a good substrate for hepatic lipase, which hydrolyzes the TG in LDL, producing small, dense LDL (1 ). The weak correlation between LDL size, which depends on core lipid content, and apoB concentration, which is related to particle number, underscores that both LDL composition and LDL particle number should be considered in the assessment of CVD risk.
An unexpected finding of our study was that after adjustment for the other metabolic components of IRS (apoB, TG, and HDL-C concentrations and BMI), we detected a positive association between fasting insulin concentration and LDL size, suggesting that hyperinsulinemia is associated with a larger LDL size. This appears inconsistent with the known association between IRS and a small LDL size. However, in most adult studies, insulin sensitivity was not independently associated with LDL size, and the effect of insulin resistance on LDL size could be explained by the effect of insulin resistance or hyperinsulinemia on VLDL metabolism (7, 8, 25, (55) (56) (57) (58) (59) . Moreover, plasma insulin concentrations reflect both pancreatic insulin secretion and peripheral insulin resistance. Our data suggest that beyond the effect of insulin resistance on VLDL production/secretion, which leads to smaller LDL size, insulin concentrations could also influence VLDL subclass distribution and, thus, LDL subclass distribution. In fact, it has been proposed that there is a channeling within the VLDL-intermediate-density lipoprotein-LDL delipidation cascade such that parallel processing pathways generate different intermediate-density lipoprotein and LDL products from different TG-rich lipoprotein precursors (1 ) . Large TG-rich VLDL-1 are thought to be the precursors of small, dense LDL. Furthermore, in normolipidemic individuals and in insulinsensitive obese individuals, it has been reported that acute hyperinsulinemia lowered the concentration of large TGrich VLDL-1 but had little effect on VLDL-2 (60, 61 ). There thus is experimental evidence supporting our observation of a positive association between LDL size and insulin concentration after adjustment for the other metabolic components of IRS. This will require confirmation in other large population-based samples of youths and adults.
In our pediatric population, age, sex, and the metabolic variables explained 30% of the variation in LDL peak particle size, which is similar to values reported for Japanese schoolchildren (22.9%-28.1%) (38 ) but lower than those reported in the Framingham Offspring Study (50%-57%) (54 ) . This suggests that the relative importance of genetic and environmental determinants of LDL size differs between children and adults.
In conclusion, the metabolic correlates of LDL size are similar between youths and adults. Although the small, dense LDL phenotype is less prevalent in youths than adults, its prevalence is clearly increased in childhood IRS, which supports the need for early prevention of CVD risk factors. for the 16-year-olds or 13-year-olds compared with the 9-year-old group, after adjustment for all other variables in the model. e Regression coefficient (␤) represents the change in mean LDL particle size for females compared with the male group, after adjustment for all other variables in the model.
